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asthma; deep inspiration; length-tension; stretch-induced softening; mechanical strain AIRWAY CONSTRICTION can be elicited in response to contractile agonist in both asthmatics and nonasthmatics and is ultimately a result of the airway smooth muscle (ASM) contracting around the airways. One of the least understood yet characteristic features of asthma is the impairment in ability of a deep inspiration (DI) to provide a bronchodilatory response following airway constriction that normally occurs in health (1, 9, 21) . Additionally, in healthy individuals, DIs prior to inhalation of a contractile agonist such as methacholine provide a bronchoprotective effect by reducing the subsequent constriction response. As with the bronchodilatory effects of a DI, the bronchoprotective effect of DIs is impaired in asthma, again, for reasons that are unclear (41) . Further demonstration of the importance of DIs is that temporary prevention of DIs in healthy subjects can alter the response to an inhaled agonist to such an extent that healthy subjects become hyperresponsive (24, 37) .
Although the mechanisms are not known, the difference in response to DIs between asthmatics and healthy individuals are thought to be due to changes in the ASM: either directly from the hyperplasia associated with remodeling or indirectly from functional changes in ASM cells (13, 39, 42) . To understand the changes in response to stretch, it is essential to understand the normal response to stretch as occurs with a DI. One characteristic of ASM thought to explain the normal dilatory effect of a DI is its ability to decrease force, decrease stiffness, and increase length in response to cyclic length oscillation of sufficient amplitude. It has been demonstrated in tissue strips that larger tidal oscillation amplitudes give greater softening or greater lengthening, or both, depending on loading conditions (11, 14, 29, 52 ). This behavior is well predicted via actin myosin attachment/detachment dynamics (15) , and more recently is consistent with stretch-induced fluidization of the cytoskeleton (25, 26) . While these mechanisms are thought to explain the beneficial effects of a DI in health, reasons for a lack of response to a DI in asthma remain unclear.
It has been suggested that the lack of a DI response in asthma could be due to changes in asthmatic ASM cell structure or function (13, 39, 42) . Changes in ASM structure and function that have been reported to occur in asthma include remodeling associated hyperplasia and changes in contractile regulatory proteins including MLCK, as well as functional changes including increased shortening velocity and shortening capacity (3, 23, 24, 30, 31, 55) . ASM structure and function can be altered by several factors, including mechanical stretching. Moreover, chronic cyclic strain in culture has been shown to cause changes in structure and function similar to those thought to occur in asthma. Observed strain-induced structural changes include cell hyperplasia (45) , increased contractile proteins, and cytoskeletal reorganization (43, 44, 46) . Functional changes include increased shortening velocity and shortening capacity (47) , increased MLC phosphorylation and calcium sensitivity (48, 49) , and increased cell stiffness (43) .
In this study we investigated the hypothesis that, akin to the increased airway narrowing that may occur in asthma following a DI, chronic cyclic strain may alter the ASM cell response to a large stretch such that it more rapidly recovers force and stiffness and could thus more rapidly shorten following a large stretch. It has been suggested that an increase in ASM leading to increased airway stiffness may be sufficient to explain lack of airway dilation during stretch (13, 36) . However, if stretch does succeed in airway dilation, the ability to more rapidly recover and renarrow following stretch could also contribute to the refractory behavior of the airway in response to a DI and airway narrowing in asthma. Here we examined if chronic strain of ASM cells in culture caused an enhanced stiffness recovery response following a large acute stretch and whether this was associated with increases in MLCK.
METHODS
Cell culture and chronic strain. Canine tracheal ASM cells were harvested and cultured as previously described (18, 45) . The tracheal smooth muscle cells were all retrieved from animals killed after acute cardiac electrophysiology studies. Those experimental protocols and euthanizing methods were approved by the Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University. The harvesting of tissues otherwise to be discarded was done only after the animals had been killed, and such harvesting was also approved by the IACUC. Cells of passage two to three were seeded onto 2-D Silastic, collagen-coated flexible membranes in six-well plates, either bioflex plates (BioFlex Culture Plates, Flexcell, McKeesport, PA) or arctangle plates (Uniflex Series Culture Plates, Flexcell) in medium containing 10% serum (fetal bovine DMEM/F12 with 15 mM HEPES, L-glutamine, and pyridoxine hydrochloride, Invitrogen Canada). When about 60% confluence was reached, the plates were transferred to the Flexcell system (Flexercell Tension Plus Strain System) for the application of chronic cyclic deformational strain. The maximum mechanical strain was 10% (specified for the membrane center in either plate) and was delivered sinusoidally between 0 and 10% at 0.33 Hz, approximating canine or human breathing frequency.
In the bioflex plates the cyclic strain was nonuniform across the membrane. It was biaxial at the membrane center with strain being uniform and equal in all directions, but changing gradually toward the membrane edge where a gradient exists and strain was approximately uniaxial in the radial direction and near zero in the circumferential direction ( Fig. 1; 53 ). In the region from which cells were sampled, strain was 10% radial (perpendicular to the cell long axis) and ϳ3% circumferential (parallel to cell long axis). This largely uniaxial strain profile was chosen because this is the strain profile previously demonstrated by Smith et al. (45) to elicit pronounced changes in ASM structure and function. We also wanted to examine the response of uniaxially strained cells that did not have a gradient in strain to examine if this would be relevant to changes in response to mechanical strain. This was achieved with the arctangle plates, which required specific loading posts (ArcTangle Loading Stations, Flexcell). In arctangle plates strain was 10% in the direction indicated by the arrow in the unhatched region (across the loading post, Fig. 1 ) and there was also a small compressive strain of about 3% in the region where cells were grown (34) . Using two slightly different uniaxial strain profiles thereby allowed us to examine if observable effects were solely due to predominantly uniaxial strain in the arctangle plates or whether they also required the presence of a strain gradient in the cell population as in the bioflex plates. Control plates were kept in the incubator but not subjected to strain. Media was changed 3 times/wk and replaced with serum-free medium containing 5.7 g/ml insulin and transferin (Invitrogen Canada), 24 -48 h before measurements. Duration of culture was 1, 4, and 11 days.
Single cell length-tension manipulator for acute stretching. In this report we use the term chronic strain (or strain) to refer to cyclic stretching of cultured cells on elastic membranes for periods spanning several days, and we use acute stretch (or stretch) to refer to cyclic length oscillation of cells in a micromanipulator, described as follows.
To measure the response to acute stretch and recovery from the cultured cells, a single cell length-tension micromanipulator was constructed based on the device of Shue and Brozovich (40) . Briefly, it consisted of an inverted microscope (Leica DM-IRB, Leica Microsystems Canada) upon which were mounted a set of micromanipulators (MLW-3 3-axis water hydraulic, Narishige, NY). A force transducer (406A, Aurora Scientific, Ontario) was mounted on one micromanipulator and a length actuator on the other (NV 40/1CL, Piezosystem Jena, Hopedale, MA). The entire unit was seated on a vibration isolation table (VH Isostation, Newport, CA).
Force was recorded via a 16-bit data acquisition card (NI-6035E, National Instruments, Austin, TX) at a sampling rate of 128 Hz, and position was controlled via the digital-to-analog converter of the NI-603E card to the length actuator controller at the same rate. Images were taken with a JAI CV-M10 BX/RS Progressive Scan Monochrome Camera controlled by the software through an image acquisition card (NI PCI 1409, National Instruments).
Micromanipulator tips were fashioned by pulling small capillary tubes with a glass puller (Micro-pipette Puller MI from Industrial Science Associates; fine setting ϭ 30, coarse setting ϭ 40) and polishing the ends in a Bunsen burner flame, achieving tip diameters of about 15 m. Tips were mounted onto a custom rod fitted on the end of the length actuator and directly on the force transducer using melted paraffin wax. Prior to attachment to a cell, tips were coated with a thin layer of polyurethane foam insulator (GreatSTUFF, The Dow Chemical, Midland, MI). This was achieved by scraping the tip once through a drop of foam on a glass slide and removing excess by dragging the tip along a clean slide five or six times using the micromanipulators.
Single cell oscillation. Following culture with chronic strain for up to 11 days, entire membranes were cut out of Flexcell plates and cut into four or six pie-shaped pieces each. Each section was placed into a 35 mm dish cover and submersed in medium, and a single cell with accessible spindle ends selected. On bioflex membranes, cells were selected from within 3 mm of the curved membrane periphery, which is a region of largely uniaxial strain but with a strain gradient, and cells on arctangle membranes were selected from the center, which is a region of nearly uniform uniaxial strain (Fig. 1 ). Cells were attached to the micropipette tips by slowly lowering each coated tip until they just touched the top surface near the spindle ends of a single cell. This was determined by observing a minute deformation of the cell membrane via phase contrast microscopy (ϫ10 objective). The length between the pipettes while the cell remained attached to the substrate was defined as a reference length Lo. After a 5-min waiting period, each tip was slowly raised (10 m/s) nearly simultaneously, peeling the cell off of the membrane to a level ϳ2 mm above the membrane but still well below the surface of the medium. Fig. 1 . Schematic of the Flexcell system applying either complex largely uniaxial strain (uniax) in Bioflex plates with no loading posts (left) or uniaxial (uniax) strain in the Uniflex plates (right). In the Bioflex plates the strain was biaxial only in the center and with a strain gradient transitioning to largely uniaxial strain near the membrane edge (34) , where cells were selected for study. In the Uniflex plates the strain was uniaxial but with no strain gradient. Strain was applied continuously for 5 days via deformation by sinusoidal 0.33 Hz, 10% amplitude negative vacuum pressure. During the strain period, cells align to be perpendicular to the dominant strain direction (larger arrows, bottom), appearing in circumferential rings in Bioflex plates and collinear fields in Uniflex plates.
To remove any possible slack, either tip was then slowly moved horizontally (over about 1 min) to stretch the cell to 110% Lo (denoted Lo= henceforth). The cell was then maximally activated with 80 mM KCl with salts adjusted to maintain isomolarity to eliminate swelling (7) and cyclically stretched with an increasing stretch amplitude protocol as follows, adapted from Fredberg et al. (14) to stretch tracheal muscle. The cell was thus subjected to acute sinusoidal stretches of amplitude 1, 2, 4, 8, 10, and then 2% again of Lo= sequentially. The last 2% is denoted 2= henceforth, and an amplitude of 10% means that the range was 20% peak-peak. For each amplitude, 102 acute stretch cycles were performed at a frequency of 1 Hz, except for at 10% Lo=, for which only 52 cycles were performed (Fig. 2, left) . To eliminate effects due to transients, the first two cycles of every amplitude were discarded. Stiffness (k) by definition is the ratio of the change in force to the change in length and was accurately calculated for a particular amplitude as noted from 100 cycles of force and length in the frequency domain at the oscillation frequency (1 Hz) as the force amplitude divided by the length amplitude as
where FFT(·) denotes the discrete fast Fourier transform, and Re(·) denotes taking the real part of the complex valued quantity. The real part is the elastic portion and thus represents the dynamic elastic stiffness of the cell. Since after the oscillation, stiffness exhibited a time course of recovery to a near plateau phase, stiffness at the final 2=% Lo= was calculated using only the final 25 cycles to avoid the early transient.
Time course of stiffness recovery and role of MLCK.
To explore the time course of recovery following the largest stretch we also cultured cells in a separate experiment for 4 days with or without strain and followed the same single cell oscillation protocol as above but with an additional 300 s at the final 2=% Lo=. Following completion of the 10% stretch, we calculated stiffness as in Eq. 1 in a moving window of width 100 s every 50 s
where kf was final stiffness, kr was recovered stiffness, and was the time constant. To a close approximation, the recovery data from each cell followed a monoexponential and were least squares fitted to Eq. 2. Following this recording, each cell was allowed a 10-min recovery period without acute oscillation, which was followed immediately by an identical repeat recording of 1, 2, 4, 8, 10, and 2=% Lo= acute stretch oscillations, but with the addition of the specific MLCK inhibitor ML-7 at a concentration of 50 M (2) during the 300 s stiffness recovery at the final 2=% Lo to inhibit MLCK activity. The ML-7 dose was determined using optical magnetic twisting cytometry (OMTC) in the cultured cells. The dose of ML-7 was increased from 0 in semi-logarithmic steps until stiffness began to decrease, and the dose sufficient to reduce stiffness by 50% in active statically cultured cells was chosen (2) . We used this same concentration in strained cells as well to look for a difference in the recovery response, which might be due to MLCK content and activity. To examine reproducibility, some cells were treated to the oscillatory protocol twice but without the addition of ML-7.
Recordings for a cell were rejected from analysis when the signalto-noise ratio from any amplitude of more than 1% was less than 5. SNRs were calculated for each amplitude using the signal at the oscillation frequency divided by the average noise amplitude in a 1-Hz band adjacent to the oscillation frequency in the frequency domain. For each single-cell length-tension experiment, six individual cells were recorded.
Immunohistochemistry. As 4 days of chronic strain induced functional changes in response to acute stretches, we examined cellular MLCK content also at this time point. MLCK was probed from membranes with adherent cells from both unstrained controls and bioflex strain plates by quantifying MLCK fluorescence intensity described below from images taken along radial lines from the center to the edge of the membranes. Cells were fixed in 3% paraformaldehyde for 15 min at 4°C. They were then permeabilized in 3% paraformaldehyde and 0.3% Triton X-100 for 5 min and stored at 4°C until staining. MLCK was stained by blocking the cells in TBS containing 1% BSA and 2% goat serum for 2 h and then incubating at room temperature for 1 h with MLCK primary antibody (clone K36; Sigma-Aldrich, Oakville, Ontario, Canada) at a 1:100 dilution in TBST (TBS ϩ 0.1% Tween 20) . Following washes with TBST, cells were incubated in TBST containing the secondary antibody, IRDye 800CW-conjugated goat anti-mouse IgG (1:1,000; Rockland, Gilbertsville, PA), and nuclei were stained using TO-PRO-3 iodide (1:1,000; Invitrogen), a fluorescent nuclear dye used to quantify cell number, for 1 h at room temperature. Cell number quantified by TO-PRO intensity was previously calibrated to cell number by manual cell counts of 4=,6-diamidino-2-phenylindole (DAPI) stained nuclei and found to be linearly correlated (R 2 ϭ 0.959). MLCK was then quantified by imaging from the cell side on an Odyssey near-infrared imaging system (LI-COR Biosciences, Lincoln, NE) at an excitation wavelength of 800 nm for MLCK and 700 Fig. 2 . Left: stretching protocol for single isolated cells. After cells were lifted from the membranes, they were stretched along their long axes at 1 Hz in cycles with increasing amplitudes of 1%, 2%, 4%, 8%, 10% then decreased to 2% of the cells resting length. Right: force-length loops using the fundamental and firstnm for TO-PRO stained nuclei using a constant gain and resolutions of 12 bits and 137 m at both wavelengths. This spatial resolution was insufficient to resolve individual cells but was more than sufficient to quantify changes in protein quantity across large or small populations of cells. Resulting images demonstrated very low background noise due to reduced autofluorescence and scattering at infrared wavelengths. Negative controls for MLCK and TO-PRO were prepared by adding the 800 nm secondary to fixed cells without the MLCK primary antibody and by adding TO-PRO to membranes without cells, respectively. Obvious defects such as debris were removed using custom software, which also determined the median intensity of fluorescence in concentric rings 1-mm wide. Fluorescence was normalized to cell number by dividing by the median nuclear fluorescence intensity. Cell size did vary slightly, but we did not observe any systematic differences between groups, although the strained cells were more aligned. In the case of the cells used for length oscillation, cells also appeared to be approximately the same size. Background fluorescence for MLCK quantification was done using the IR Dye secondary for MLCK without primary antibody on membranes with cells attached, and background fluorescence for cell number using TO-PRO was assessed using TO-PRO on membranes with no fixed cells attached. MLCK fluorescence quantification was validated to be linearly correlated with negligible background intensity offset less than 0.3% (TO-PRO Intensity ϭ 5.65*cell count with R 2 ϭ 0.973) to protein quantity by comparing three samples with different protein levels to analysis by Western Blot as described in Fairbank et al. (11) .
Statistical analysis. Repeated-measures ANOVA was used to detect significant differences in stiffness due to the amplitude of acute stretch within a particular treatment. Fisher's Protected Least Significant Difference post hoc test was applied to show which amplitudes caused a significant stretch-induced decrease in active force or stiffness in the ASM cells. Although MLCK is likely to be normally distributed, since our sample size was small (n ϭ 6) we used a nonparametric Kruskal Wallis two-way ANOVA with Bonferoni post hoc t-test used to determine differences in cellular MLCK amount. All statistics were calculated using StatView (StatView for Windows Version 5.0.1, SAS Institute, Cary, NC) or JMP (JMP 7 for Mac Version 7.0.2, SAS Institute, Cary, NC). Significance was taken to be P Ͻ 0.05.
RESULTS
During oscillation cells maintained tension as evidenced by positive greater than zero slopes during both extension and shortening observed from oscillatory length-tension loops. In cells exhibiting higher force, it could be observed that stiffness decreased within a few cycles immediately following each increase in oscillation amplitude as had been observed in tissues by Fredberg et al. (14; not shown) . Relative to their initial stiffness at the first 2% Lo= oscillation amplitude, strained and unstrained cells in all groups at every time point (1, 4, and 11 days) significantly decreased stiffness with acute stretches at oscillation amplitudes of 8% and 10% Lo=. After the largest stretch amplitude, unstrained cells remained significantly less stiff at the final oscillation amplitude of 2=% Lo= (100 s). However, all strained cells (uniaxial with or without gradient) on all days were able to recover up to 66% of their initial stiffness at the final oscillation amplitude of 2=% Lo= (100 s; Fig. 3 ). Initial stiffness was not different between control and either strain group on any day. However, cells measured on day 11 were about 20% less stiff than those measured on day 4 (P Ͻ 0.01; Fig. 3) .
We found that after 4 or 11 days of strain application, uniaxial strain in the bioflex plates (with strain gradient) did not cause any difference in measures of stretch-induced decreased stiffness or recovery from stretch compared with uniaxial strain in the arctangle plates (no strain gradient). Therefore for the remaining experiments, in which unstrained control culture was compared with strained culture at day 4, we used cells from the peripheral regions of the bioflex plates where strain was predominantly uniaxial. This was similar to previous studies that employed bioflex plates. There are usually more cells in this region and because surface area increases with the square of the distance from the center, all assays that probe cell properties from the dishes are greatly dominated by cells in this region (33, (43) (44) (45) (46) (47) (48) . In our study, cells at the periphery were also easier to pick up than those on arctangle plates, although we were able to obtain sufficient cells from both plates. Unstrained control cells appeared to show no significant recovery 75 to 100 s after 10% stretch while strained cells from either plate recovered to a stiffness 64% greater than that of unstrained cells (SE 2%, n ϭ 11); in other words, strained cells began recovering from large stretch-induced loss of stiffness much sooner than unstrained control cells. In the next experiment where recovery was recorded for an extended additional 300 s following large 10% stretches, the stiffness of both control and strained groups fully recovered such that there was no significant difference between initial and final stiffness values by 400 s. However, recovery was substantially more rapid in strained cells, which exhibited a time constant of stiffness recovery, , ϭ 42.5 s (SD 0.0031 s), compared with ϭ 124 s (SD 0.062 s) for static control cells ( Fig. 4 ; P Ͻ 0.05). When we fit the raw data to the exponential equation previously described (Eq. 2), we found the fit was very good for both static and strained cells with R 2 values of 0.9918 and 0.9719, respectively.
When we quantified the myosin phosphorylating enzyme MLCK, we found MLCK was increased by almost two times in strained cells compared with control cells at almost every position on the membrane ( Fig. 5 ; P Ͻ 0.05). This included the region from which single cells were selected for acute stretch oscillations. However, in this study we also probed at the very edge in a very narrow band adjacent to the dish wall and found that MLCK did not increase.
We normalized for cellular MLCK content by dividing by the quantity of cells, which was measured using the infrared nuclear stain TO-PRO. This method does not discern individual cells, but TO-PRO intensity was linearly related to DAPI nuclear counts obtained from the same regions. Background fluorescence for either MLCK quantification or for cell number was negligible (Fig. 5) .
Introduction of the MLCK inhibitor ML-7 following large stretches greatly inhibited stiffness recovery in static control cells to the point that stiffness suppression was maintained at 23% of initial values (Fig. 6) . However, ML-7 did not significantly reduce stiffness recovery in strained cells (t ϭ 1,100 s, Fig. 6 , P Ͻ 0.05, repeated-measures ANOVA). Following a 10 min rest period, strained cells completely recovered to final stiffness values not significantly different from their initial stiffness values. Between groups, control cells recovered to a similar stiffness of the strained cells (t-test, P Ͼ 0.05), but this was still significantly lower than their initial stiffness values by repeated-measures ANOVA within group (t ϭ 2,300 s, Fig. 6 , P Ͻ 0.05). When we examined reproducibility by treating some cells to the oscillatory protocol twice but without addition to ML-7, we obtained nearly identical recovery plots, within a few percent of the originals ( ϭ 128 s, SD 0.073 s, n ϭ 4), and the responses were not significantly different (P Ͻ 0.05).
DISCUSSION
ASM has the ability to dramatically and acutely decrease its force generating capacity and stiffness in response to stretches, Fig. 5 . A: total MLCK content (MLCK intensity normalized to cell number) in strained cells was significantly greater than that of static controls. B: strained cells expressed greater cellular MLCK content than static control cells at every position along the radius of the Flexcell membrane but that nearest the perimeter. C: negative controls for MLCK and nuclear TO-PRO stains are shown above typical membrane slices. For MLCK the infrared 800 nm secondary was applied to cells without the primary MLCK antibody. TO-PRO 700 nm nuclear dye was applied to a fixed membrane but without adherent cells. 
STRAIN INCREASES STIFFNESS RECOVERY FROM LARGE STRETCH
in an amplitude-dependent manner (38) . While similar dilatory behavior is not detected in isolated airway preparations (27) , this force and stiffness reduction behavior has been observed in tissue strips and adherent cultured cells and has recently been described as acute stretch-induced fluidization. Fluidization in response to deformation is a property of a wide variety of materials known as soft glasses (50) . It has been suggested that the cytoskeleton of ASM may be behaving like a soft glass, becoming less solid and easily deformable when sufficiently deformed or stretched decreasing force and stiffness, and this mechanism may explain the bronchodilatory effects of a DI in healthy subjects (26) . However, the failure of this behavior in asthma and its mechanisms are unknown.
Acute stretch-induced softening and recovery. We show for the first time that the ability to depress stiffness with stretch oscillations extended to the level of the single cell and was indeed present in cultured cells but not altered by the application of chronic strain. We also show that there was no difference in response to acute stretches between a history of uniaxial strain using the arctangle or uniaxial strain using bioflex plates, indicating that strain gradient may have no role on ASM response to stretch. However, perhaps more importantly we found that exposure to chronic cyclic mechanical strain enhanced stiffness recovery from acute stretch-induced softening in single cells as much as 64% (SE 2%, P Ͻ 0.05).
It is well established in muscle tissue strips that acute oscillatory stretch causes a substantial reduction in stiffness, although the amount of stiffness reduction can vary. The amplitude dependence and magnitude of stiffness reduction we found in single cells up to a stretch amplitude of 10% (Fig. 3) agree with the similar reduction in stiffness according to amplitude of more than 60% also at 10% amplitude reported by Fredberg et al. (14) . However, Wang et al. (52) reported a lesser decrease of 20% in stiffness despite larger oscillation amplitudes, but in guinea pig tissue.
In Fredberg's earlier study investigating stretch-induced softening, full recovery of initial stiffness was not observed following acute stretching (14) . This was likely due to the short recording duration of 200 s. Here we report that full recovery occurs by 400 s in cultured cells and occurs three times faster in cells cultured in the presence of chronic cyclic strain. Thus, in our hands, the beneficial effect of a short period of large stretches in reducing stiffness does slowly resolve and is similar to that recently reported for adherent cells in response to an acute brief stretch (25, 50) .
Effects of chronic strain and significance. The mechanisms leading to strain-induced changes in structure and function in ASM cells are not known but may include stretch-activated increases in metabolism known as the Feng effect, possibly leading to enhanced protein synthesis during the several days of strain (12) . Regardless of the mechanism by which strain alters ASM structure function, we used a well-established protocol employing chronic strain of cultured cells to induce changes in smooth muscle function including increased proliferation, shortening velocity, cytoskeletal alignment, and contractile proteins including MLCK (3, 23, 24, 30, 31, 55) . We observed some heterogeneity among MLCK expression across the dish, but it was elevated in each region in response to strain. After 4 days in culture, cells within a treatment group were all similar in shape with elongated spindle-like appearance, although strained cells were more organized and aligned as reported in earlier studies (3, 23, 24, 30, 31, 55) . We cultured cells on 2-D flexible membranes to further develop understanding of the response to strain established by these earlier studies, but this is a limitation of our study. In vivo cells grow in a 3-D environment, and airway smooth muscle contractile protein and phenotype may be differently sensitive to 3-D culture conditions such as matrix architecture, culture duration, and the presence of other cell types such as epithelial cells (35) . It will be important to investigate the role of strain on cell differentiation and response to acute stretches in a 3-D culture environment to match better in vivo conditions. Furthermore, it is important to note that MLCK exists in two isoforms, the lower molecular weight, known as smooth muscle type, at ϳ108 kDa and the higher molecular weight isoform, known as nonmuscle type, at ϳ220 kDa. Both isoforms are capable of phosphory- Fig. 6 . Schematic of modified oscillation protocol in A with results without ML-7 (B) and with ML-7 (C) delivered at cessation of 10% stretching at 400 s. The time axis is evenly spaced with values given indicating points of changes in the protocol and where results were obtained. As before, large stretches reduced stiffness to ϳ20% in both strained and static control cells, and strained cells recovered more rapidly as shown in Fig. 4 with both strained and static cells recovering ϳ75% stiffness by 800 s (B). Inhibition of MLCK with a threshold dose of ML-7 prevented stiffness recovery by 1,100 s in static cells (open bars) while strained cells substantially recovered much of their initial stiffness (solid bars), but strained cell recovery was still significantly slower than without ML-7 as shown in B and Fig. 4 . Ten minutes of static rest allowed strain cells to recover to stiffness to a level not significantly different from their initial stiffness value and while control cells recovered to comparable stiffness between groups, it was still less than their initial stiffness values within the group. (* and **significant difference in stiffness from t ϭ 400 s in both B and C, and the dotted and dashed lines are provided to guide the eye).
lating myosin and there is considerable overlap in their potential functions as demonstrated with 220-kDa isoform knockout mice that are viable with mostly normal function, excepting increased susceptibility to vascular barrier dysfunction (19, 51) . Nevertheless, the nonmuscle type is predominantly responsible for migration and contraction in endothelium and other proliferating cells, and because cell culture promotes cell proliferation both isoforms may be active in our cultured cells. Here we quantified total MLCK and did not differentiate between the quantity or activity of the two.
Here we examined whether the induced increases in total MLCK could explain the more rapid stiffness recovery we observed in chronically strained cells. We chose to focus on MLCK as its activity is responsible for the phosphorylation of the regulatory myosin light chain, and increases in MLCK have been associated with increases in ASM contractility and myosin light chain phosphorylation and calcium sensitivity (31, (47) (48) (49) . Indeed, increased MLCK is thought to contribute to increases in velocity of shortening in cells with increased MLCK due to serum deprivation or from animal sensitization in a disease model of hyperresponsiveness (22, 32) . Furthermore, in human cultured ASM cells subjected to both chronic strain and elevated contractile tone, MLCK content was directly proportional to MLC phosphorylation confirmed by Western blot, which indicates that the strain-induced increases in MLCK are functional and can translate to increased MLCK activity (11) . Thus it is possible that the increased rate of recovery may be linked to the increased velocity of shortening observed in strained cells via elevated MLCK.
Since the functional importance of MLCK is its activity in phosphorylating myosin and generating force and stiffness, we further investigated the participation of MLCK in enhancing stiffness recovery in strained cells using the MLCK activity inhibitor ML-7 following the quick stretch. We demonstrated that stiffness recovery was significantly depressed by ML-7 in unstrained control cells, but not substantially in strained cells, which contained elevated cellular MLCK content (Fig. 6) . ML-7 inhibits the activity of MLCK reducing myosin light chain phosphorylation, which, if in sufficient quantity, decreases force and stiffness as dephosphorylation occurs via the regulatory enzyme myosin light chain phosphatase. Here we have shown with a modest dose of ML-7 that ML-7 has a greater effect in control cells with lower MLCK, greatly slowing the recovery of the redevelopment of stiffness following large stretches compared with strained cells with increased MLCK (Figs. 6 and 7) . The simplest interpretation of these observations is that the enhanced stiffness recovery may be due to elevated MLCK in chronically strained cells, although there may be other possibilities as follows.
Other factors could be considered to play a role such as changes in intracellular calcium or decreases in the activity of the myosin light chain phosphatase (49) . However, these would have to occur solely in the recovery phases of stiffness following acute stretches, since there was no difference in baseline stiffness during contraction prior to application of the length oscillations. Still, other possible mechanisms might exist for a more rapid recovery of stiffness and force following stretches that are independent of a change in total MLCK but not the activity of MLCK. For example, following large stretches there could be a higher ratio of rapidly cycling crossbridges to slowly cycling crossbridges (latch bridges) in strain cells, while higher latch bridge numbers in control cells following stretch could slow the redevelopment of stiffness. The ratio is known to vary in different smooth muscle tissue and correspond to differences in shortening velocities, but this is speculative for stiffness recovery (14, 17) . While indirect evidence points to the existence of slowly cycling latch bridges in ASM, direct evidence is still lacking. Another possibility is a shift to the more rapidly cycling smooth muscle isoform (29) . Furthermore, increased recovery following stretch-induced softening could also be due to other changes in the contractile machinery such as changes in the myosin molecule itself, including SM2 MLC isoforms that are known to affect contractility and velocity (8, 29) . Any of these mechanisms, including elevated MLCK, may be potentially aided by strain-induced rearrangement of the cytoskeleton for improved contraction (43, 44) .
Ultimately, the role of MLCK in altering contractile function may be important in vivo, as some studies have shown that MLCK protein is increased in ASM cells from patients with asthma (3), although MLCK mRNA in asthma has been shown either to increase (31) , including in a very recent study (30) , or not change (54) . Together, these data indicate that increases in MLCK could lead to greater recovery of stiffness and force following a large stretch, and increases in MLCK may lead to enhanced airway narrowing in asthma.
In vivo implications. The acute stretch-induced softening we report in ASM cells in vitro is similar to dilation of healthy or asthmatic airways in vivo with a DI. This behavior is important Fig. 7 . Left: smooth muscle contraction via actin-myosin binding is regulated by the phosphorylation (P) of regulatory myosin light chain (MLC). This is normally regulated by the activity of the regulatory enzyme myosin light chain kinase (MLCK) and actin-myosin detachment with dephosphorylation by myosin light chain phosphatase (MLCP). Chronic strain in culture increases the cellular amount of MLCK (up arrows, 2nd and 4th panels), and these cells exhibit a more rapid recovery of stiffness following acute stretches. Control cells (3rd panel), show largely ablated stiffness recovery following acute stretches in the presence of the MLCK inhibitor ML-7. However, strained cells with elevated MLCK maintain a more rapid recovery of stiffness despite the presence of ML-7 (4th panel).
for lung function as stretch-induced softening is thought to be the most potent bronchodilator known to exist and thus may be essential for maintaining dilated airways in the face of constricting agents (16) . In fact, airway dilation that appears to occur with a DI in asthmatic subjects is lost often after a single breath while healthy subjects maintain airway dilation with a DI for many breaths, even after bronchial challenge (21) . This failed dilatory response to stretch in asthmatics may be largely due to dysfunction in ASM, which is either refractory to stretch and remains at a short length because of high contractile stiffness and force or is stretched by the DI but has an enhanced renarrowing response following stretch, such that the DI causes no overall benefit to breathing.
Airway remodeling and increased ASM mass or even internal changes in the structure or function of the ASM cytoskeleton are putative mechanisms that can increase the stiffness of the airway wall enough to prevent sufficient dilation during a DI, thus preventing any appreciable softening of ASM in asthma (41) . However, data from computed tomography in asthma indicate DIs do dilate at least the observable airways (Ͼ1-2 mm; 6). Therefore perhaps the inability of a DI to relieve airway constriction in asthma may be due at least in part to excessively rapid renarrowing following a successful dilation of the airway (5, 6) . In any event, we suggest here that elevated MLCK in our culture system was responsible for more rapid restiffening of single cells following acute stretch-induced softening. If so then our data appear to imply that chronic cyclic strain may be harmful in asthma causing increases in MLCK, leading to rapid reshortening of ASM following an acute stretch.
However, in health cyclic strain is normal in vivo due to breathing and occasional large breaths (20) . We previously suggested that while lack of chronic strain is not normal, the effects of chronic strain may be altered in disease, in particular due to the increased tone in the airway (16, 28, 29) . We previously demonstrated that tone plus uniaxial strain as we employed here greatly amplifies ASM contractility and increases MLCK in cultured cells. Furthermore, while in healthy airways strain is likely largely biaxial as the airways both lengthen and dilate more or less equally (20) ; with elevated tone strain in the airways the strain becomes more uniaxial (4) . For this reason and because of evidence from earlier studies, we hypothesized that elevated tone together with chronic strain due to breathing may lead to procontractile changes in ASM structure and function (11) and this has been demonstrated in vitro ASM (10, 11, 33) . Here we demonstrated that in canine cells, which have inherent tone in culture, that strain led to an increase in MLCK and an enhanced recovery from stretch. However, whether changes in MLCK that can occur in asthma are mechanistically associated with an impaired response to a DI is not known.
In this report we demonstrated two major findings: 1) single cells from culture exhibit very similar softening behavior with stretch to that of tissue strips and 2) more importantly, we showed that chronic mechanical strain can alter the recovery of canine ASM cells to stretch such that stiffness recovers much more quickly and this is associated with strain-induced increases in MLCK. This report suggests a new mechanism for the lack of a beneficial response to a DI in asthma.
